INTRODUCTION {#SEC1}
============

Antisense oligonucleotides (ASOs) are widely used as research tools and therapeutic agents ([@B1]). ASOs can direct sequence-specific cleavage of target RNAs by a conserved mechanism mediated by endonuclease RNase H1 ([@B2]). To improve chemical stability and pharmacological efficacy, ASOs are generally linked via phosphorothioate (PS) backbone and terminal residues are modified with 2΄-*O*-methoxyethyl (MOE) at the 2΄-position of the ribose ([@B3]). PS-ASOs are effective even when they are applied to cells without prior complexation in liposomes or conjugation to cell-penetrating peptides ([@B4]). Although molecular details of the process of endocytic internalization of PS-ASOs may depend on the type of cell, PS-ASOs are able to escape from intracellular organelles in endocytotic pathways ([@B5],[@B6]). Understanding the mechanisms by which PS-ASOs release from those membrane enclosed organelles is critical to understand the processes of uptake that lead to accumulation of PS-ASO at target sites (productive uptake).

Recently, it was found that intracellular trafficking plays an important role in regulating the pharmacological activity of PS-ASOs ([@B7]). It was proposed that there are productive and less-productive cellular uptake or distribution routes of PS-ASOs ([@B7]). Substances, such as PS-ASOs, endocytosed by different pathways are generally delivered to early endosomes (EEs) ([@B8],[@B9]). EEs determine whether molecules are routed back to the cell surface through recycling endosomes or into late endosomes (LEs), also called multi-vesicular bodies (MVBs) ([@B9]). Cargos in LEs are packaged for degradation through 'non-productive' pathways such as lysosomes, for exosome secretion upon fusion with plasma membranes, or for being released intracellularly through back fusion processes ([@B9]). PS-ASOs were shown to traffic rapidly through EEs, resulting in progressive increases of target cleavage, suggesting that productive PS-ASO release mainly occurs at LEs ([@B8]). Thus, a small portion released from LEs/MVBs appears to be productive; while the larger portion remained in LE/lysosomes is non-productive. It is still not known how PS-ASO intracellular release processes are modulated by membrane fusion events at LEs.

One of intrinsic features of the endosomal pathway from EEs to LEs is the biogenesis of intralumenal vesicles (ILVs). There are two major mechanisms involved in ILV formation. One involves the protein machinery that recognizes ubiquitin to assemble the endosomal sorting complexes required for transport (ESCRT) proteins; the ESCRT proteins potentiate ILV formation beginning in EEs ([@B10],[@B11]). The other mechanism is lipid mediated, mainly by bis(monoacylglycero)phosphate/lysobisphosphatidic acid (BMP/LBPA) ([@B12],[@B13]). ILV formation is mechanistically coupled with membrane invagination or budding ([@B14]). LBPA is uniquely present at LEs and indispensable for LE membrane deformation ([@B13]). ILVs can fuse back to LE membranes to exchange lipid or protein contents. The release of cargo into the cytosol through this process is referred to as back fusion ([@B15]). It is not known whether PS-ASOs can be sorted to ILVs and which mechanisms contribute to the formation of such ILVs. Nor is it known whether back fusion processes are one of the productive pathways resulting in the release of PS-ASOs from LEs.

Here, we sought to determine the mechanism through which PS-ASOs are productively released from LEs. We first determined that the pharmacological activities of PS-ASOs require intracellular release from endocytic pathways. We then focused on the details of PS-ASOs trafficking through endocytic pathways. We found that PS-ASOs exit EEs rapidly after internalization and become co-localized with LBPA within 2 h. The co-localization between PS-ASOs and LBPA was also observed inside LEs. The presence of PS-ASOs at ILVs was confirmed in cells overexpressing a constitutively active form of Rab5(Q79L). To determine how the formation of ILVs contributes to productive ASO release, we first reduced the key components of ESCRT complexes, HRS and TSG101, and found that these proteins do not regulate PS-ASO activity. We further demonstrated a positive regulatory role of LBPA in PS-ASO release using an antibody that deactivates LBPA, or by reducing Alix, a protein that binds to LBPA-containing bilayers to stabilize LBPA levels in LEs. Based on our data, we propose that intra-endosomal trafficking mediated by LBPA significantly contributes to PS-ASO productive intracellular release.

MATERIALS AND METHODS {#SEC2}
=====================

Antibodies, siRNAs, ASOs and quantitative real-time PCR (qRT-PCR) primer probe sets are described in [Supplementary Data](#sup1){ref-type="supplementary-material"}.

Cell culture, transfection, PS-ASO free uptake and activity assay {#SEC2-1}
-----------------------------------------------------------------

A431, HeLa, HepG2, MIA PaCa and Huh7 cells were grown according to the protocols provided by the American Type Culture Collection (ATCC, Manassas, VA, USA) ([@B6]). Cells were seeded at 70% confluency 1 day before transfection or drug treatment. siRNAs were transfected at 3 nM final concentration using RNAiMAX (Life Technologies, Carlsbad, CA, USA), according to the manufacturer\'s protocol. At 48 h after siRNA transfection, cells were re-seeded in either 96-well plates or collagen-coated dishes (MatTek, Ashland, MA, USA) at 50% confluency. Cells were incubated with PS-ASOs diluted to final concentration for 16 h, and then the PS-ASO activity assay or immunofluorescence analysis was performed.

RNA preparation and qRT-PCR {#SEC2-2}
---------------------------

Total RNA was prepared using an RNeasy mini kit (Qiagen, Valencia, CA, USA) from cells grown in 96-well plates (around 10 000 cells per well). qRT-PCR using TaqMan primer probe sets were performed essentially as described previously ([@B16]). Briefly, ∼50 ng total RNA in 5 μl water was mixed with 0.3 μl primer probe sets containing forward and reverse primers (10 μM of each) and fluorescently labeled probe (3 μM), 0.3 μl RT enzyme mix (Qiagen), 4.4 μl RNase-free water, and 10 μl of 2× PCR reaction buffer in a 20 μl reaction. Reverse transcription was performed at 48°C for 10 min, 40 cycles of PCR were conducted at 94°C for 20 s and 60°C for 20 s using the StepOne Plus RT-PCR system (Applied Biosystems, Phoenix, AZ, USA). The mRNA levels were normalized to the amount of total RNA present in each reaction as determined for duplicate RNA samples by Ribogreen assay (Life Technologies).

Immunofluorescence staining {#SEC2-3}
---------------------------

Cells were fixed with 4% paraformaldehyde for 30 min at room temperature and were permeabilized with 0.05% saponin (Sigma) in PBS for 5 min. Cells were treated with blocking buffer (1 mg/ml BSA in PBS) for 30 min and then incubated with primary antibodies (1:100--1:200 in blocking buffer) at room temperature for 2--4 h or at 4°C overnight. After three washes using 0.1% Triton in PBS, cells were incubated with fluorescently labeled secondary antibodies (1:200 in blocking buffer) at room temperature for 1--2 h. After washing, slides were mounted with Prolong Gold anti-fade reagent with DAPI (Life Technologies) and imaged using a confocal microscope (Olympus FV-1000). Co-localization between PS-ASOs and different organelles was analyzed using software of the FV10-ASW 3.0 viewer. Image intensities were also quantitated using the same software.

Protein isolation and western blotting {#SEC2-4}
--------------------------------------

Cells were lysed, and samples were incubated at 4°C for 30 min in RIPA buffer (50 mM Tris--HCl, pH 7.4, 1% Triton X-100, 150 mM NaCl, 0.5% sodium deoxycholate and 0.5 mM EDTA). Proteins were separated by PAGE using 6% to 12% NuPAGE Bis-Tris gradient Gels (Life Technologies) and electroblotted onto PVDF membranes using the iBLOT transfer system (Life Technologies). The membranes were blocked with 5% non-fat dry milk in PBS at 4°C for 30 min. Membranes were then incubated with primary antibodies ([Supplementary Data](#sup1){ref-type="supplementary-material"}) at room temperature for 1 h. After three washes with PBS, the membranes were incubated with appropriate HRP-conjugated secondary antibodies (1:2000) at room temperature for 1 h to develop the image using ECL reagents (Abcam, Cambridge, MA, USA).

Flow cytometry {#SEC2-5}
--------------

Indicated Cy3-labeled PS-ASO was added to A431 cell culture. After 3 h, cells were washed with PBS, trypsinized and resuspended in PBS supplemented with 3% fetal bovine serum for analysis by flow cytometry using a BD Biosciences CellQuest Pro system (BD Biosciences, San Jose, CA, USA).

RESULTS {#SEC3}
=======

Kinetics of PS-ASOs uptake and activity {#SEC3-1}
---------------------------------------

Given that PS-ASOs are internalized and transported along the endocytic pathways, PS-ASO activity could be determined either by levels of uptake or levels of intracellular release. To evaluate these two possibilities, we first performed kinetic studies on PS-ASO uptake and activity during a time course of 24 h in human epidermoid carcinoma A431 cells. The levels of uptake were determined by flow cytometry using different concentrations of Cy3-labeled PS-ASOs (IONIS ID 446654, see [Supplementary Data](#sup1){ref-type="supplementary-material"} for sequence and chemical modifications). Activity was determined by quantification of the RNAs, *Drosha* or *Malat1*, targeted by the two PS-ASOs (IONIS ID 395254 for *Malat1;* IONIS ID 25690 for *Drosha*), at different time points. Uptake of Cy3-labeled PS-ASO increased in a concentration-dependent manner as a function of time and was not saturated at the 24-h time point (Figure [1A](#F1){ref-type="fig"} and [B](#F1){ref-type="fig"}). Activity was not detected for either *Drosha*- or *Malat1*-targeted PS-ASOs until 8 h after the PS-ASO treatment (Figure [1C](#F1){ref-type="fig"} and [D](#F1){ref-type="fig"}). The uptake of PS-ASO increased ∼2 folds from 8 to 16 h post PS-ASO treatment, but the IC~50~ values dropped ∼10-fold during this time period (Figure [1E](#F1){ref-type="fig"}). These observations indicate that there is a significant delay from the time that PS-ASOs are internalized to the time that PS-ASOs reach their RNA targets.

![Activity of PS-ASOs through free uptake is mainly determined by intracellular release. (A and B) Intracellular fluorescence of Cy3-PS-ASO was quantified by flow cytometry to determine uptake (RFU) as a function of time at indicated given PS-ASO concentrations (**A**) and uptake (RFU) as a function of PS-ASO concentration at indicated time points (**B**). (C and D) Expression of *Drosha* (**C**) and *Malat1* (**D**) RNAs as a function of PS-ASO concentration at indicated time points quantified by qRT-PCR. Data are relative to no PS-ASO control. The error bars represent standard deviations from three independent experiments. (**E**) Values of IC~50~ were calculated from data plotted in panels based on a non-liner regression model.](gkx231fig1){#F1}

To further understand the relationship between PS-ASO uptake and antisense activity, we analyzed uptake and activity in different human cell lines. Similar kinetics of PS-ASO uptake and activity were observed in another human cell line, MIA PaCa cells, upon free uptake ([Supplementary Figure S1A](#sup1){ref-type="supplementary-material"}). PS-ASOs are active in human A431 cells, less active in human HeLa and HEK cells and least active in human HepG2 and Huh7 cells; however, uptake levels of PS-ASOs were comparable in A431, HeLa and HepG2 cells (data not shown). Taken together, these observations indicate that the amount of PS-ASO internalized is not directly correlated with activities as measured by RNA target reduction and that the rate limiting step of PS-ASO to gain its activity is PS-ASO intracellular release, and not cellular uptake.

PS-ASO cargos bud as ILVs inside EEs and LEs in live cells {#SEC3-2}
----------------------------------------------------------

Previously, we reported that productive PS-ASO release mainly occurs after the PS-ASOs reach LEs/MVBs ([@B8]). To understand the mechanisms of productive PS-ASO release from LEs, we overexpressed a constitutively active form of Rab5, Rab5(Q79L), which impairs endosomal trafficking and induces the formation of enlarged endosomes that contain ILVs ([@B17],[@B18]). If PS-ASOs are cargos that bud inward endosomes, they are expected to be inside enlarged endosomes with outer membranes labeled by RAB5(Q79L) ([@B19]). To test that possibility, HeLa cells overexpressing RAB5(Q79L)-GFP were treated with Cy3-labeled PS-ASO (IONIS ID 446654) for 4 h. PS-ASOs were indeed detected in dot-like structures inside the lumen of enlarged endosomes marked by RAB5(Q79L)-GFP (Figure [2A](#F2){ref-type="fig"}).

![PS-ASO cargos bud as ILVs inside LEs in live cells. (**A**) Representative images of cells overexpressing RAB5(Q79L)-GFP (green) treated with 2 μM Cy3-labeled PS-ASO (red) for 4 h. The nuclei were stained with Hoechst 33342 (blue). Scale bar, 5 μm. (**B**) Representative merged images of cells overexpressing RAB7a-GFP (green) incubated with 2 μM Cy3-labeled PS-ASO (red) for 4 h followed by treatment with YM201636 for an additional 8 h. The nuclei were stained with Hoechst 33342 (blue). Scale bar, 5 μm. (**C**) Representative images of cells overexpressing RAB5(Q79L)-GFP (gray) and treated with Cy5-labeled PS-ASO (red) and N-Rh-PE (green) for 4 h. The nuclei were stained with Hoechst 33342 (blue). Scale bar, 5 μm. (**D**) Representative images of cells overexpressing RAB5(Q79L)-GFP (green) treated with Cy5-labeled-transferrin (red) or Alexa Fluor^®^ 594-LDL (red) for 4 h. The nuclei were stained with Hoechst 33342 (blue). Scale bar, 5 μm.](gkx231fig2){#F2}

HeLa cells that overexpressed RAB7a-GFP were next incubated with Cy3-PS-ASO and then treated with the PIKfyve inhibitor YM201636 to enlarge LEs ([@B20]). Under these conditions, the fluorescently labeled PS-ASOs were also observed inside the lumen of enlarged LEs and concentrated in punctate structures with outer membranes marked by RAB7a-GFP (Figure [2B](#F2){ref-type="fig"}). Similar localization patterns were also observed in the enlarged EEs marked by Rab5 in Hela cells treated with YM201636 ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). These observations confirm that PS-ASO cargos are able to bud as ILVs inside EEs and LEs in live cells.

ILVs can be labeled by a fluorescent lipid analog *N*-(lissamine rhodamine B sulfonyl)-phosphatidylethanolamine (N-Rh-PE) during membrane fusion events along the endocytic pathway ([@B21]). HeLa cells that overexpressed RAB5(Q79L)-GFP were co-treated with N-Rh-PE and Cy5-labeled PS-ASO (IONIS ID 851810) for 4 h. As expected, N-Rh-PE labeled ILVs inside enlarged LEs, and some co-localization with PS-ASO was observed in live cells (Figure [2C](#F2){ref-type="fig"}).

Internalized ligands tend to dissociate from receptors at either EEs or LEs due to the acidic environment of EEs and LEs ([@B9]). As PS-ASOs can be considered as ligands, it was surprising to find that PS-ASOs are mainly concentrated in ILVs. We then compared the localization pattern of PS-ASOs with other ligands such as LDL and transferrin in cells that overexpressed RAB5(Q79L)-GFP. LDL and transferrin accumulated in enlarged endosomes marked by RAB5(Q79L)-GFP. In contrast to PS-ASO, which is present in a punctate pattern, LDL or transferrin showed a diffuse pattern inside of LEs (Figure [2D](#F2){ref-type="fig"}). This difference in localization pattern suggests that LDL and transferrin are freed from receptors, whereas PS-ASOs are still tied up with either receptors or certain subcellular structures in LEs after internalization. There are at least two possible explanations for this. One is that PS-ASOs bind tightly to receptors or receptor-like proteins, and these complexes do not readily dissociate in EEs or LEs. The other is that PS-ASOs, either with or without binding proteins, may undergo changes in topology to translocate into the lumen of ILVs, which might result in PS-ASO release from ILV upon its fusion with the limiting membrane of the LEs ([@B22]).

PS-ASOs co-localize with LBPA-containing ILVs inside LEs {#SEC3-3}
--------------------------------------------------------

LBPA is abundant in the ILVs of LEs but not in EEs, reflecting active membrane deformation of LEs ([@B23]). To test whether PS-ASOs are present in LBPA-containing ILVs of LEs, we analyzed the cellular localization of Cy3-labeled PS-ASO (IONIS ID 446654) in HeLa cells stained for EEA1, a marker of EEs ([@B24]), and for LBPA over a time course from 0.5 to 8 h after PS-ASO addition to cells. Co-localization of PS-ASO with EEA1 peaked at 0.5 h. By 2 h, the majority of PS-ASO was co-localized with LBPA (Figure [3A](#F3){ref-type="fig"}). The quantitation of co-localization between PS-ASOs and LBPA indicates that more than 80% PS-ASOs were present in LBPA-positive organelles after cells were incubated with PS-ASOs for 2 h or longer ([Supplementary Figure S3A](#sup1){ref-type="supplementary-material"}). These results suggest that PS-ASOs can traffic to ILVs containing LBPA. The kinetics of PS-ASO localization to LBPA-containing ILVs also suggests a delay from the time that PS-ASOs are internalized to the time that PS-ASOs reach LEs to release.

![PS-ASOs are predominantly co-localized with LBPA-containing ILVs inside LEs. (**A**) Representative images of immunofluorescent staining for EEA1 (green) and LBPA (green) in HeLa cells incubated with Cy3-labeled PS-ASO (red) for the indicated times. The nuclei were stained with DAPI (blue). Enlarged images showed co-localization between PS-ASOs and EEA1 or LBPA in yellow, Scale bar, 5 μm. (**B**) Representative images of immunofluorescent staining for LBPA (cyan) in cells overexpressing RAB5(Q79L)-GFP (green) and treated with Cy3-PS-ASO (red). The nuclei were stained with DAPI (blue). Scale bar, 5 μm. (**C**) Representative images of immunofluorescent staining for CD63 (cyan) in cells overexpressing RAB5(Q79L)-GFP (green) and treated with Cy3-PS-ASO (red). The nuclei were stained with DAPI (blue). Scale bar, 5 μm.](gkx231fig3){#F3}

To further confirm that PS-ASOs are co-localized with LBPA at ILVs inside LEs, we analyzed the cellular localization of LBPA and PS-ASO in cells overexpressing RAB5(Q79L). Cells were treated with Cy3-labeled PS-ASOs for 8 hours and then stained with LBPA antibody. PS-ASOs were observed in dot-like structures mainly present inside these enlarged endosomes as shown in Figure [2A](#F2){ref-type="fig"} and Figure [2C](#F2){ref-type="fig"}. LBPA was also detected in structures, likely ILVs, inside these enlarged endosomes (Figure [3B](#F3){ref-type="fig"}). Some PS-ASOs were clearly co-localized with structures stained by LBPA inside LEs. When the experiment was performed with Cy5-labeled PS-ASO, a similar co-localization of Cy5-PS-ASO and LBPA was also observed (data not shown); arguing that localization of the PS-ASO is not influenced by the fluorescent tag. The localization of proteins known to be present in ILVs, including mannose-6 phosphate receptor 1 and CD63 ([@B25]), was also examined in HeLa cells that overexpressed RAB5(Q79L)-GFP. Co-localization between PS-ASOs and these endocytic receptors was also observed (Figure [3C](#F3){ref-type="fig"} and [Supplementary Figure S3B](#sup1){ref-type="supplementary-material"}). Taken together, these observations suggest that some, if not all, PS-ASOs traffic to LBPA-containing ILVs inside LEs.

LBPA plays an indispensable role in regulating PS-ASO activity {#SEC3-4}
--------------------------------------------------------------

The biogenesis of ILVs starts at EEs, which is mainly mediated by ESCRT protein complexes ([@B25]). To determine the role of ESCRT proteins in regulating PS-ASO activity, we reduced two major components in ESCRT, HRS ([H]{.ul}epatocyte [R]{.ul}esponsive [S]{.ul}erum phosphoprotein) in ESCRT0 or TSG101 ([T]{.ul}umor [S]{.ul}usceptibility [G]{.ul}ene 101) in ESCRTI ([@B25]) using siRNAs targeting *HRS* or *TSG101*. The siRNAs decreased *HRS* or *TSG101* protein levels by \>90% (Figure [4A](#F4){ref-type="fig"} and Figure [4B](#F4){ref-type="fig"}). Reduction of *HRS* or *TSG101* had no significant effect on PS-ASO activity, as demonstrated by qRT-PCR analyses for *Drosha* mRNA or *Malat1* RNA in control and *HRS* or *TSG101*-deficient cells incubated with the *Drosha*- or *Malat1*-specific PS-ASOs (Figure [4A](#F4){ref-type="fig"} and [B](#F4){ref-type="fig"}). The experiments were repeated at least three times and similar resulted were observed. These results indicate that ESCRT proteins do not significantly contribute to productive release of PS-ASOs.

![ESCRT proteins do not regulate PS-ASO activity. (**A**) A431 cells were treated with control siRNA targeting luciferase (Luc-si) or siRNAs targeting HRS as indicated. Left panel shows RNA and protein levels of HRS determined by qRT-PCR and Western analyses, respectively. RNA levels are relative to Luc-siRNA treated samples. GRP78 served as a Western loading control. Middle and right panels show data from cells treated with indicated siRNAs for 48 h and then incubated with PS-ASOs targeting either *Drosha* or *Malat1* for 16 h. *Drosha* and *Malat1* RNA levels were quantified using qRT-PCR. The error bars represent standard deviations from three independent experiments. (**B**) A431 cells were treated with control siRNA targeting luciferase (Luc-si) or siRNAs targeting TSG101 as indicated. Left panel shows RNA and protein levels of TSG101 determined by qRT-PCR and western analyses. RNA levels are relative to control siRNA treated samples. GRP78 served as a western loading control. Middle and right panels show data from cells treated with indicated siRNAs for 48 h and then incubated with PS-ASOs targeting either *Drosha* or *Malat1* for 16 h. RNA levels were quantified using qRT-PCR. The error bars represent standard deviations from three independent experiments.](gkx231fig4){#F4}

To examine the role of LBPA in PS-ASO activity, we used the monoclonal antibody (mAb, 6C4) to block the functionality of LBPA ([@B13]). LBPA-containing ILVs have been proposed to mediate substance release from ILVs through back fusion between limiting membranes and ILVs. LBPA antibody (mAb, 6C4) has been shown to deactivate this process ([@B13]). Pre-treatment with anti-LPBA antibody results in accumulation and inactivation of LBPA in LEs ([@B26]). A431 cells were pre-treated with anti-LBPA antibody or an IgG control and subsequently treated with either *Drosha*- or *Malat1*-specific PS-ASOs. As show in Figure [5A](#F5){ref-type="fig"}, anti-LBPA antibody reduced activities of both PS-ASOs. Since PS-ASOs are localized in LBPA-containing ILVs (Figure [3](#F3){ref-type="fig"}) and treatment of LBPA antibody decreases PS-ASO activities in cells, it is likely that PS-ASOs are productively released through the process of back fusion.

![LBPA plays an indispensable role in regulating PS-ASO activity. (**A**) A431 cells were pre-treated with different concentrations of anti-LBPA antibody or an mouse IgG (Ms IgG) as control for 6 h, followed by incubation with PS-ASOs targeting *Drosha* or *Malat1* RNA for 16 h. The levels of *Drosha* and *Malat1* RNAs were determined by qRT-PCR. The error bars represent standard deviations from three independent experiments. *P* (in blue, 25 μg/ml) \<0.01 versus Ms IgG; *P* (in red, 50 μg/ml) \<0.01 versus Ms IgG. (**B**) A431 cells were pre-treated with different concentrations of U18666A or control for 6 h, followed by incubation with PS-ASOs targeting *Drosha* or *Malat1* RNA for 16 h. The levels of *Drosha* and *Malat1* RNAs were determined by qRT-PCR. The error bars represent standard errors from three independent experiments. *P* (in blue, 1.2 μM) \<0.01 versus Ms IgG; *P* (in red, 2.5 μM) \<0.01 versus 0 μM. (**C**) A431 cells were pre-treated with 50 μg/ml anti-LBPA antibody or an IgG control for 6 h, followed by incubation with 1 μM Cy3-labeled PS-ASO for 3 h. PS-ASO uptake was analyzed by flow cytometry. The error bars represent standard errors from three independent experiments. \**P* \< 0.01 versus Ms IgG. (**D**) A431 cells were pre-treated with 2.5 μM U18666A or ethanol as control for 6 h, followed by incubation with 1 μM Cy3-labeled PS-ASO for 3 h. PS-ASO uptake was analyzed by flow cytometry. The error bars represent standard deviations from 3 independent experiments. \**P* \< 0.01 versus control.](gkx231fig5){#F5}

The small molecule U18666A treatment causes acute accumulation of cholesterol in LEs, which inhibits the activity of LBPA in membrane deformation ([@B27]). U18666A-treated cells have enlarged LEs and defects in intra-endosomal trafficking such as back fusion processes ([@B28]). We pre-treated A431 cells with U18666A for 6 h and then added *Drosha*- or *Malat1*-specific PS-ASOs. As shown in Figure [5B](#F5){ref-type="fig"}, U18666A significantly reduced activities of both PS-ASOs. This result suggests that LBPA-mediated intra-endosomal trafficking is important for the release of PS-ASOs from LEs.

LBPA does not influence uptake or endocytic trafficking of PS-ASOs to LEs {#SEC3-5}
-------------------------------------------------------------------------

To evaluate the possibility that LBPA directly contributes to PS-ASO internalization, we analyzed the effect of LBPA inactivation on levels of PS-ASO cellular uptake. A431 cells treated with anti-LBPA antibody (50 μg/ml) or an IgG control were incubated with 1 μM Cy3-labeled PS-ASO for 3 h, and then samples were analyzed by FACS. The levels of internalized PS-ASOs were increased ∼20% in cells treated with anti-LBPA antibody compared with cells treated with an IgG control (Figure [5C](#F5){ref-type="fig"}). Similarly, treatment of cells with U18666A (2.5 μM) did not decrease internalization of Cy3-PS-ASOs (Figure [5D](#F5){ref-type="fig"}). These results indicate that decreased PS-ASO activities in cells treated with anti-LBPA antibody or U18666A are not attributable to decreased intracellular uptake of PS-ASOs.

Since PS-ASO release mainly occurs from LEs, delayed traffic of PS-ASOs to LEs could contribute to decreased PS-ASO release ([@B8]). Previously, we found that reduction of Annexin A2 delayed ASO trafficking from EEs to LEs as examined by PS-ASO co-localization in EEs or LEs/lysosomes 2 h after incubation ([@B8]). To test whether inactivation of LBPA affects endocytic trafficking of PS-ASOs to LEs, we analyzed the transport of PS-ASOs in cells pre-treated with anti-LBPA antibody. HeLa cells were treated with anti-LBPA antibody or an IgG control for 6 h. Cells were then incubated with 2 μM Cy3-labeled PS-ASOs for another 2 h and stained with EEA1, an EE marker, and LAMP1, a marker of late endosomes or lysosomes ([@B31]). The anti-LBPA antibody treatment increased the sizes of LEs/lysosomes with limiting membranes marked by LAMP1, as published before ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}) ([@B29]). However, quantification of PS-ASO-positive EEs (PS-ASOs and EEA1 co-staining) and PS-ASO-positive LEs or lysosomes (PS-ASO and LAMP1 co-staining) showed that the anti-LBPA antibody treatment did not alter the portions of EEs and LEs that contained PS-ASOs ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). This result indicates that LBPA inactivation does not delay endocytic trafficking of PS-ASOs to LEs. Similar experiments conducted with cells pre-treated with 2.5 μM U18666A for 6 h followed by incubation with 2 μM Cy3-labeled PS-ASOs for 2 h showed that trafficking of PS-ASOs from EEs to LEs was not disrupted by U18666A treatment (data not shown). These data indicate that trafficking of PS-ASOs from EEs to LEs is not impaired in cells with LBPA inactivation.

Alix and NPC1 are important for PS-ASO activity {#SEC3-6}
-----------------------------------------------

The protein Alix controls LBPA functions by binding to LBPA-containing bilayers to stabilize LBPA levels in LEs ([@B15]). To determine whether the function of LBPA in regulation of PS-ASO activity is also Alix dependent, we reduced the levels of Alix using siRNA and then evaluated PS-ASO activity. A431 cells were treated with two different siRNAs targeting Alix and both decreased Alix protein levels by \>90% (Figure [6A](#F6){ref-type="fig"}). Similar to LBPA inactivation, reduction of Alix significantly decreased PS-ASO activities (Figure [6A](#F6){ref-type="fig"}). This result was independently confirmed in MHT cells (internal communication with Dr. Eric Koller). This observation further supports our hypothesis that LBPA plays a positive regulatory role in PS-ASO release from LEs to the cytoplasm or nucleus and shows that the release also requires Alix.

![Alix is important for PS-ASO activity. (**A**) A431 cells were treated with control (Luc-si) or siRNAs targeting Alix as indicated. Left panel shows RNA and protein levels of Alix determined by qRT-PCR and western analyses. RNA levels are relative to Luc-siRNA treated samples. GRP78 served as a loading control. Middle and right panels show data from cells treated with siRNAs targeted Alix for 48 h and then incubated with PS-ASOs targeting either *Drosha* or *Malat1* for 16 h. RNA levels were quantified using qRT-PCR. The error bars represent standard deviations from three independent experiments. *P* \< 0.01 (in green, Alix-si1) versus Luci-si; *P* \< 0.01 (in blue, Alix-si2) versus Luci-si; (**B**) A431 cells treated with control siRNA or siRNA targeting Alix (Alix-si1) were incubated with Cy3-PS-ASOs for 3 h. PS-ASO uptake was analyzed by flow cytometry. The error bars represent standard deviations from three independent experiments. (**C**) Western analyses for ANXA2, P54nrb, HSP90, RNase H1 and Alix proteins in cells treated with control or Alix siRNAs for 48 h. GRP78 served as a loading control. (**D**) Representative images of immunofluorescent staining for EEA1 (green), and LAMP1 (green) in A431 cells incubated with Cy3-labeled PS-ASOs (red) for 2 h. Scale bar, 5 μm. The PS-ASO-positive EEs or LEs were counted in 20 cells, and the percentage of the PS-ASO-positive EEs or LEs was calculated relative to the total numbers of the PS-ASO-positive organelles. (**E**) A431 cells treated with control (Luc-si) or siRNA targeting Alix (Alix-si1) were incubated with PS-ASOs targeting *Malat1* for 12 h, followed by the replacement of fresh media without PS-ASOs for another 12 h to allow exosome secretion. Exosomes from either control or Alix-si1-treated cells were added to cells, which were co-treated with *Malat1*-specific PS-ASOs at different doses. The RNA levels were quantified using qRT-PCR. The error bars represent standard deviations from three independent experiments. *P* \< 0.01 (in blue, either of Alix-si curves) versus either of Luci-si curves.](gkx231fig6){#F6}

The protein NPC1 controls intracellular cholesterol mobilization and deletion of NPC1 phenocopies the treatment of U18666A and causes cholesterol accumulation in LEs ([@B29]). Reduction of NPC1 inhibits the activity of LBPA in membrane deformation ([@B28]). A431 cells were treated with two different siRNAs targeting NPC1. Reduction of NPC1 also decreased PS-ASO activities significantly, as measured by less reduction of RNAs targeted by the *Drosha*- or *Malat1*-specific ASOs ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}). This result confirms the importance of LBPA and its function in membrane deformation in PS-ASO release from LEs.

To rule out the possibility that Alix influences PS-ASO internalization, we also measured cellular uptake of Cy3-PS-ASOs in cells treated with siRNAs targeting Alix. FACS analyses indicated that reduction of Alix did not substantially change cellular uptake of PS-ASOs (Figure [6B](#F6){ref-type="fig"}), suggesting that Alix influences PS-ASO release from the endocytic pathway.

We previously showed that RNase H1 ([@B30]), P54nrb ([@B31]), HSP90 ([@B32]) and Annexin A2 ([@B8]) affect PS-ASO activities through different mechanisms. To dissect the function of Alix, we measured levels of these proteins by western blotting in cells treated with siRNA targeting Alix. Levels of these proteins were not changed in cells depleted of Alix (Figure [6C](#F6){ref-type="fig"}). These results indicate that the role of Alix in PS-ASO activity is independent of proteins previously shown to influence PS-ASO activity.

Alix reduction does not delay endocytic trafficking of PS-ASOs to LEs {#SEC3-7}
---------------------------------------------------------------------

In addition to controlling LBPA activity, Alix also regulates endocytic trafficking to LEs and exosome biogenesis ([@B19]). We therefore examined whether Alix functions in endocytic trafficking of PS-ASOs to LEs. A431 cells were treated with Alix siRNA for 48 h and were then incubated with 2 μM Cy3-labeled PS-ASOs (IONIS ID 446654) for another 2 h. Cells were stained with EEA1 and LAMP1 to monitor the kinetics of PS-ASO trafficking to LEs. Unlike the anti-LBPA antibody treatment, Alix reduction did not increase the sizes of LEs (Figure [6D](#F6){ref-type="fig"}). Quantification of the co-localization between EEs and PS-ASOs or LEs and PS-ASOs showed that reduction of Alix did not reduce the percentage of PS-ASO-containing LEs (Figure [6D](#F6){ref-type="fig"}). This result indicates that Alix is not essential for endocytic trafficking of PS-ASOs to LEs.

Exosome is known to transfer productive siRNAs between cells ([@B33]). It is possible that PS-ASOs can be trafficked through exosomes across cells, which, in turn, contributes to the productive release of PS-ASOs. We then examined the function of Alix in the biogenesis of PS-ASO-containing exosomes ([@B19]). A431 cells were first treated with control or Alix-targeted siRNA for 36 h to efficiently reduce Alix levels. Cells were then incubated with media containing *Malat1*-specific PS-ASOs for another 12 h, followed by the replacement of fresh media without PS-ASOs. Cells were further incubated with the fresh media for another 12 h to allowed sufficient secretion of PS-ASO-containing exosomes into the media. Thereafter, the media containing PS-ASO exosomes from either control cells or Alix-reduced cells were collected, and added to cells that were co-treated with *Malat1*-specific PS-ASOs at different doses for 16 h. If PS-ASO activity is, at least in part, attributable to PS-ASO containing exosomes, PS-ASO activity should be elevated in cells with co-treatment of PS-exosome containing media. Interestingly, addition of the media containing exosomes, from either control or Alix-reduced cells, did not increase PS-ASO activity, suggesting that the exosomes do not contain sufficient productive PS-ASOs to increase activity (Figure [6E](#F6){ref-type="fig"}). These observations argue against the possibility that Alix contributes to PS-ASO activity by affecting PS-ASO exosome secretion. Therefore, it is most likely that Alix positively regulates PS-ASO activities by controlling the levels or stability of LBPA in LEs.

Alix reduction decreases LBPA levels and diminishes co-localization of LBPA with PS-ASOs {#SEC3-8}
----------------------------------------------------------------------------------------

To determine if reduction of Alix decreases PS-ASO activities via destabilization of LBPA, we examined levels of LBPA and the incidence of co-localization between LBPA and PS-ASOs ([@B28]). We monitored LBPA staining pattern and quantified LBPA staining intensity in control cells and cells deficient in Alix. A431 cells were treated with control or Alix-targeted siRNA for 48 h and then incubated with 2 μM Cy3-labeled PS-ASOs for 4 h. The fluorescent intensity of LBPA staining was quantified and normalized to the intensity of LAMP1. Compared to control cells, cells depleted of Alix had a ∼40% decrease in LBPA signal, indicating that Alix reduction indeed decreases LBPA levels in LEs (Figure [7A](#F7){ref-type="fig"} and [B](#F7){ref-type="fig"}). This result is consistent with previous studies showing that Alix is important for maintaining LBPA levels in LEs ([@B15],[@B28]). Although LBPA staining is weak, after signal being intensified, the incidence of co-localization between LBPA and PS-ASOs did not significantly decrease in Alix-deficient cells compared to control cells (Figure [7C](#F7){ref-type="fig"}). This observation is consistent with the fact that reduction of Alix did not affect PS-ASO trafficking from EEs to LEs as LBPA is also a marker of LEs (Figure [6D](#F6){ref-type="fig"}).

![Alix reduction decreases LBPA levels and diminishes co-localization of LBPA with PS-ASOs at ILVs. (**A**) Representative images of immunofluorescent staining for LBPA (green) and LAMP1 (green) in control- or Alix-siRNA treated A431 cells, which were further incubated with Cy3-labeled PS-ASOs (red) for 2 h. The nuclei were stained with DAPI (blue). Scale bar, 5 μm. (**B**) Intensities of LBPA in 20 LEs from each of 15 cells were quantified and normalized to intensities of LAMP1 using FV10-ASW 3.0 viewer. *P* \< 0.01, Alix-si versus Luci-si. (**C**)The PS-ASO-positive organelles co-stained with LBPA were also counted in 20 Luci- or Alix-siRNA treated A431 cells. The percentage of the organelles positive for both PS-ASOs and LBPA was calculated relative to the total numbers of the PS-ASO-positive organelles. (**D**) Representative images of immunofluorescent staining for LBPA (green) and LAMP1 (gray) in Luci- or Alix-siRNA treated HeLa cells, which were further treated with YM201636 after the incubation with Cy3-labeled PS-ASOs (red) for 4 h. The nuclei were stained with DAPI (blue). Scale bar, 5 μm.](gkx231fig7){#F7}

To further examine how Alix reduction influences PS-ASO activity through LBPA, we compared localization pattern of LBPA in control cells and Alix-deficient cells after the treatment of PIKfyve inhibitor YM201636. Cells were incubated with 2 μM Cy3-labeled PS-ASOs for 4 h, which allowed PS-ASOs to traffic to ILVs before the treatment of YM201636 for 8 h to enlarge the sizes of LEs. Cells were further stained with LBPA and LAMP1. YM201636 treatment increased the sizes of LEs, resulting in a distinguishable inner space surrounded by LAMP1-stained limiting membranes (Figure [7D](#F7){ref-type="fig"}). In control cells, LBPA was mainly co-localized with PS-ASOs inside these enlarged endosomes, likely ILVs. In cells, deficient in Alix, LBPA staining signal was weak (Figure [7A](#F7){ref-type="fig"}) but after being intensified, it was mainly detected in the limiting membranes with comprised co-localization with PS-ASOs inside the enlarged endosomes (Figure [7D](#F7){ref-type="fig"}). Interestingly, in Alix-reduced cells, PS-ASOs were still predominantly observed inside enlarged LEs (Figure [7D](#F7){ref-type="fig"}), suggesting that inward budding of PS-ASOs is not solely dependent on either Alix or LBPA in LEs. However, loss of Alix appears to decrease LBPA levels at PS-ASO containing ILVs inside LEs. These LBPA-deficient ILVs may be unable to fuse with limiting membranes, preventing PS-ASO release from LEs.

DISCUSSION {#SEC4}
==========

Previously we showed that productive PS-ASO release mainly occurs from LEs ([@B8]). In the present study, we demonstrated a requirement of LBPA for PS-ASO release from LEs. PS-ASOs exit EEs rapidly after internalization and are further sorted to LBPA-containing ILVs in LEs. LBPA is important for PS-ASO release from LEs into the cytoplasm or nucleus where the PS-ASOs access RNA targets (Figure [8](#F8){ref-type="fig"}).

![Proposed model of LBPA-mediated PS-ASO trafficking and release. PS-ASOs (purple twists) traffic along endocytic pathways from EEs to LEs. In EEs, PS-ASOs begin to be sorted into ILVs. In LEs, PS-ASOs are further sorted into ILVs containing LBPA (green). The deformation potential of LBPA drives the fusion between ILVs and limiting membranes to promote the productive PS-ASO release from LEs into the cytoplasm.](gkx231fig8){#F8}

Our kinetic studies indicate that there is a significant delay from the time that PS-ASOs are internalized to the time that PS-ASOs reach their RNA targets. This time lapse allows sufficient PS-ASOs to traffic into and release from LEs, which is reflected as co-localization between LBPA and PS-ASOs. In addition, the effects of PS-ASOs gradually increase over time, suggesting a continuous release of PS-ASOs at low levels from LBPA-containing LEs. Interestingly, the pharmacological effects of PS-ASOs are highly varied among different cell types. Even when uptake levels of PS-ASOs are comparable, activities of PS-ASOs can be rather different between cell types. These cells, presumably, all contain LBPA in their LEs, suggesting that there are different limiting factors that contribute to PS-ASO activity due to LBPA-containing LEs and that other pathways may also contribute to PS-ASO activity.

Internalized ligands such as LDL and transferrin tend to dissociate from receptors and are present in diffuse states inside LEs. PS-ASOs, however, were detected as punctate structures co-localized with ILVs inside LEs. This observation suggests that lease some PS-ASOs are still associated with receptors and sorted to ILVs inside LEs after internalization. It is well known that PS-ASO uptake can occur through receptor-mediated endocytosis at low concentrations (\<1 μM) ([@B2]). Receptors such as integrins (e.g. Mac-1/CD18) ([@B34]), G-protein-coupled receptor ([@B35]), and scavenger receptors (Stabilin1 and 2) ([@B36]) have been implicated in PS-ASO uptake. The route of internalization through different surface proteins appears to affect the pharmacological activity of PS-ASO ([@B37]). Uptake of PS-ASOs preferentially by some pathways tends to increase PS-ASO activities ([@B37]), suggesting that these surface proteins can facilitate PS-ASO release from LEs more efficiently than others. It is possible that these proteins can promote sorting of PS-ASOs to ILVs, which, in turn, leads to the release of PS-ASOs through back fusion mechanism.

There are two major mechanisms that are involved in ILV formation. One is mediated by the ESCRT protein machinery and the other by LBPA ([@B9]). These two mechanisms can independently control ILV formation depending on substances to be sorted ([@B38]). ESCRT proteins do not appear to play important roles in productive release of PS-ASOs because inhibition of HRS or TSG101 expression did not alter PS-ASO activities. ILVs are observed in cells even lacking all components in the ESCRT protein machinery ([@B25],[@B39]). It appears that sorting PS-ASO cargos to ILVs was not solely dependent on LBPA because in Alix reduced cells, PS-ASOs were also observed inside LEs, likely ILVs. Therefore, the mechanism that mediates PS-ASO sorting into ILVs needs further investigation.

LBPA is uniquely present at both ILV membranes and limiting membranes of LEs ([@B23]). LBPA is important for membrane deformation and fusion ([@B25]) and is critical in the back fusion that results in viral particle release from LEs to cytoplasm ([@B26]). We have shown that PS-ASOs were sorted to LBPA-containing-ILVs in LEs and that deactivation or destabilization of LBPA reduced PS-ASO activity. It is not known whether LBPA at ILV membranes or at limiting membranes or both contributes to productive PS-ASO release from LEs. Nonetheless, in Alix reduced cells, LBPA was mainly localized in limiting membranes while PS-ASO activity was reduced. It appears that LBPA at ILV membranes plays a major role in late endosomal release of PS-ASOs.

Back fusion is a well-known mechanism by which LBPA mediates substance release from LEs ([@B15]). Since deactivation of LBPA reduces PS-ASO activities, we speculate that back fusion results in productive PS-ASO release from LEs (Figure [8](#F8){ref-type="fig"}). Back fusion is the fusion between limiting membranes and enclosed ILVs ([@B14]). Upon back fusion, the cargo in the lumen of the ILV can be released into the cytoplasm ([@B26]). PS-ASOs were detected as punctate structures co-localized with ILVs rather than diffusely inside LEs, raising the possibility that through an unknown mechanism, PS-ASOs are able to enter the lumen of ILVs. If the sorting of PS-ASOs to ILVs is only mediated by interactions with PS-ASO binding receptor(s), retention of PS-ASOs at the outer membranes of ILVs through association with extracellular domains of receptor(s) may take place. Given the high propensity of PS-ASOs to bind to proteins, other proteins than receptor(s) could be involved in translocating PS-ASOs into the lumen of ILVs ([@B37]). Nonetheless, this mysterious process is the critical event that mediates topology changes of PS-ASOs into the lumen of ILVs for release through back fusion. Further study is necessary to elucidate the mechanistic details in the process.

Different models have been proposed to explain PS-ASO escape from LEs ([@B22]). One model is that protein binding to certain lipid domains could create temporary curvature of membranes with increased permeability, which leads to PS-ASO release ([@B5],[@B40],[@B41]). Our previous study identified ANXA2 as such a protein that may facilitate PS-ASO release from LEs ([@B8]). Another model is that membrane fission or fusion during the intracellular trafficking process could lead to the formation of non-bilayer lipid domains with increased membrane permeability, which would allow PS-ASO release ([@B5],[@B14],[@B42]). Our present study emphasized the importance of a membrane fusion event, back fusion from ILVs to LEs, in the release of PS-ASOs. Thus, it appears that membrane fission or fusion process plays an important role in PS-ASO release from LEs. Nevertheless, our data do not exclude the possibility that other pathways contribute to PS-ASO activity.

Some small molecules, such as Ritro-1 ([@B43]), UNC7938, UNC7832 and UNC7854 ([@B44]) can dramatically enhance PS-ASO activity via novel mechanisms involving release from LEs or redistribution to their action sites. Although those molecules do not affect sub-cellular organization and intracellular trafficking in general, they are relatively low potency, low stability and poor water solubility to use as drugs. Therefore, small molecules need further development if they are to be used to enhance PS-ASO actions through highly selective modulation of intracellular processing ([@B44]). On the other hand, based on our studies, it is conceivable that the pharmacological effect of PS-ASOs can be further improved by engineering chemical modifications that affect binding to key proteins involved in PS-ASO trafficking ([@B37]).

Back fusion could be one of the mechanisms that mediate productive PS-ASO release from LEs. Further understanding of the release pathways will guide development of strategies to improve the pharmacological effects of PS-ASO-based drugs ([@B7]).
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